Abstract: The rational use of water in the mineral processing industry has become an important issue due to the geographical location of many plants. The increase of capacity in many copper concentrators has lead to an increased effort for recovering the maximum amount of water in the solid-liquid separation process. Thickeners work continuously to produce a concentrated underflow and a water overflow free from particulate matter. These equipments are highly nonlinear systems, and practice has shown that standard feedback control has not been very effective in providing consistent operations. In many plants, thickeners operate with poor standards, with high dosages of flocculants, overflows with high fine particles contents and highly variable underflows. This work presents an overview of the current control strategies found in the industry and the literature for controlling the level of sediment and the underflow concentration, and compares them using a calibrated simulator of an industrial thickeners. The phenomenological model is described along the necessary steps for obtaining its parameters from plant data. The analysis of the results points out the weakness of each control strategies, and provides hints on how to improve their performance by using the insight given by the phenomenological model.
INTRODUCTION
Mathematical modeling is becoming a frequently used tool in Mineral Processing. Comminution and flotation models have proven be very valuable in the operation and control of concentrators. Recently, an internationally accepted phenomenological models of thickening was added to the list of available model in Mineral Processing Bürger and Concha (1998) , Bürger et al. (1999) , Bustos et al. (1999) . The underlying theory has enabled the development of software for the design and simulation of conventional industrial thickeners were the product is the unit area, the concentration profile and the inventory of solid in the thickener Garrido. et al. (2004) . However, mathematical models are useless if experimental parameters defining the constitutive equations are not available. There are several areas of Mineral Processing where sophisticated models are available but may not be used because of the practical impossibility of obtaining their constitutive parameters. One such not solved example is the case of a SAG mill. The knowledge of model parameters are essential in the operation of grinding mills, classification devices, flotation processes, solid liquid separation equipment and concentrate and tailings transport. In this work, several procedures for finding the parameters of the proposed model are described.
As far as control is concern, thickeners represent some challenges due to their long time constants, poor instrumentation, nonlinaerities and disturbances. Expert control systems based on fuzzy rules have been suggested by several authors, Schoenbrun et al. (2002) , to control simultaneously the level of interface and the underflow concentration variables, but no evaluation has been reported in the literature. On the other hand, structures based on standard PI controllers can be found in some concentrators, but these have been never in operation due to the lack of proper tuning. In the literature, it can also be found a control structure using PI controllers and a high selector to deal with the control of level and underflow concentration at the same time, Gupta and Yan (2006) . Diehl (2008) has suggested the use of a proportional control with time variant saturating output for satisfying both control objectives.
In this work, we will compare these structures and highlights the tuning and implementation problems that they have. In order to simplify the analysis, the control of the sedimentation process is only considered, without taking into account the effect of flocculants. As far as our knowledge this is the first work carrying out a benchmark of control structures for thickeners. This paper is organized as follows: Section 2 describes the phenomenological model and how its parameter can be determined. Section 3 describes the control problem. Section 4 describes the control structures and provides some simulations results comparing their behaviors. Finally, in section 5 some final remarks are given and future research is outlined.
PHENOMENOLOGICAL THICKNER MODEL
Based on a phenomenological theory of thickening which is accepted internationally (Brger and Concha 1998 , Brger et al 1999 , 2000 Bürger and Concha (1998) Bustos et al. (1999) , the thickening of a suspension may be represented by a degenerated parabolic second order differential equation of the form:
were (z, t) are the vertical upward pointing spatial coordinate and time, ϕ is the solid volume fraction, q(t) volume velocity (volume under flow pulp by unit thickeners area), f bk (ϕ) = ϕv s (ϕ) is Kynch solid flux density were v s (ϕ) is the initial batch settling velocity at the concentration ϕ , σ c (ϕ) is solid effective stress, representing the sediment compressibility, △ρ = ρ s − ρ f is the solid-liquid density difference and g is the acceleration of gravity. To complete the sedimentation-consolidation dynamic process, constitutive equations must be defined for the solid flux density function f bk and σ c (ϕ) for the solid effective stress :
where n > 0, σ 0 > 0 , u ∞ , ϕ c are material parameters. Equation (2) represents Richardson and Zaki equation (1951) , one of the most common models used for the solid flux density function.
Solid flux density
The parameters are estimated by using an instrument, called SEDIRACK, which performs five simultaneous settling experiment in identical operating conditions, but with different solid concentration and or flocculant dosage The instrument consists of a frame, containing five transparent tubes, which can rotate around a central shaft to homogenize the suspensions before settling. Once this effect has been accomplished, flocculant is added with syringe needles through the rubber stoppers. To disperse the flocculant the frame is rotated during a specified short time, or it is oscillated if convenient. The measurement of the downward movement of the water-suspension interface is recorded automatically by a video camera. This information is then used to calculate the settling velocity and the solid flux density in the five tubes and the parameters of the solid flux density function by means of an optimization algorithm.
Sediment compressibility
Even though the sediment compressibility is of primordial importance in the sizing of a thickener, no convenient experimental determination procedure existed. Some research workers use filtration, but the pressure range in filtration experiments is orders of magnitude greater the solid effective stress produced by the self weight of solid in thickening. A newly developed instrument SEDITEST Garrido. (2005) uses conductivity sensors to determine the concentration profile during a settling experiment. Sediment concentration may be obtained by Maxwells equation from conductivity measurements. From the phenomenological theory of sedimentation-consolidation it is possible to relate the solid effective stress σ c (ϕ) and the sediment concentration profile ∂ϕ/∂z with the following equation Garrido. (2005):
were σ ′ e (ϕ) = ∂σ e /∂ϕ. The instrument SEDITEST consists of a settling column with 16 conductivity sensors. A centrifugal pump homogenizes the pulp by circulating it through the column. Settling begins when the pump is shut off. The conductivity measured during the process are used to calculate the concentration profiles.
Steady state characteristics
At steady state, the solid underflow must equal the solid feed flow, therefore:
where ρ s , F and Q F are the solid density, solid flow rate and pulp flow rate at the feed, ϕ D and Q D are the concentration and volume flow rate at the underflow and Q O is the volume water overflow rate. For a given material, physicochemical and flocculation conditions, solid feed flow rate and/or volume underflow rate, there is a unique relationship between the underflow concentration and the sediment height, as can be demonstrated from simulations as in section 4. The pulp entering the thickener dilutes spontaneously to the conjugate concentration ϕ L by mixing with the water coming up through the settling material. This unique concentration depends on the solid feed rate and not on the feed concentration Comings et al. (1954) , and may be calculated from the implicit equation Bürger et al. (1999) f
where f F , q and the function f bk (ϕ) are known.
THICKENER CONTROL
The objectives of a control system in a thickening operation are to stabilize its operation and maximize the underflow concentration, in order to recover the maximum amount of water possible and to minimize the flocculant consumption subject to constraints on the rake torque and on the transport pulp properties. Control action consists of continuous correction to the changes caused by perturbations to the process; therefore, it must be based on the transient characterization of the process. Optimal operating conditions are determined from steady state performance and the automatic control system is used for stabilizing the operation at selected values of the process variables. Variables in thickening may be classified into output variables: underflow concentration and sediment level; control variables: underflow volume flowrate and flocculant flowrate; parameters: solid flux density function and effective solid stress; and perturbations: feed particle size distribution, feed solid flux density and feed flowrate. The measurements available in practice are: feed solid flux density, underflow concentration, sediment level, bottom bed pressure, rake torque and turbidity of the overflow water, underflow pump current. Figure 1 depicts the main processes associated with thickener operation; i.e. flocculation that takes place mainly at feedwell level and the sedimentation. This section describes the model calibration and the results obtained with the control structures based on the ideas described in the introduction.
Sedimentation

Parameter estimation
Copper concentrates pulps were collected from a Chilean concentrator and following the procedures described in section 2 the following functions have been identified: The parameters used in the simulation are summarized in 
Open-loop test
The open-loop test between the control variable and output variables provides a valualable insight concerning the limits of the output variables and their sensitivity with respect to the manipulated one over a wide range of operational stages. The dynamic open-loop tests consider the transition between two steady states as a result of a step change of 30% in the manipulated variable, at the same feed flow and concentration. Figure 3 shows the dynamic changes for the level and underflow concentration for step change in the underflow frowrate, and in Figure  4 is depicted the concentration profile at different time instant. Figure 3 , it can be seen that the level response has an integral characteristic, while the concentration has an over-damped response. The concentration profiles, in Figure 4 shows the position of the discontinuity at different snapshots. This discontinuity defines the sediment level of sludge level. 
Strategy based on PI controllers
In order to control de level of sediment a simple PI controller is used. This structure is described by the
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following recursive equation
where e(k) = y sp (k) − y(k), ∆e(k) = e(k) − e(k − 1) and k p , k i are the proportional and integrative constants. In addition, the following anti-windup strategy was also implemented,
where u min and u max are the minimum and maximum values for the manipulated variable. In order to limit the underflow concentration Diehl (2008) has suggested to set u min = It is possible to recover the level by adjusting the u min according to the feed, this is illustrated in Figure 6 . The initial conditions affect the effectiveness of this approach in the initial transient. A more complex control strategy has been proposed in Gupta and Yan (2006) . This strategy uses standard PID Controllers and high selectors, as depicted in Figure 7 . This structure does not need measurements from the feed, but it requires an extra PI controller and anti windup strategy represented by dotted lines in Figure 7 . The closed loop response is shown in Figure 8 , as can be seen the controller adjusts the control output just to satisfy the concentration constraint.
Expert control system
The output of a Fuzzy PI controllers is defined as
where F is a nonlinear function depending on the inference rules, weighting constants (k e and k ∆ ) and the fuzzyfication and defuzzyfication methods. This controller has also an anti-windup strategy as equation 10. The limits of the The inference rules for controlling the thickener consider the following Fuzzy Rules example:
The closed loop response is shown in Figure 9 for an u min = 0.05, and for u min = 0.2 in Figure 10 . As seen in these figure, limiting the controller output will limit the underflow concentration. In Figure 11 , can be seen that during the saturation period the level decreases, as the PI controller with constant saturation limits. A time variant saturation limit enable to take full advantage of the available range, the response is similar to the PI controller with time variant limit. The figure is not included by space limitations, but we include the corresponding performance index in Table 3 . The expert system controls the behavior of the system on the basis of these rules and can also limit the maximum excursion of underflow rate. Tuning these 60 rules has proved to be a difficult task. Figure 13 shows the good performance of this controller.
In order to carry out a fair comparison between PI and Fuzzy PI controllers, the parameters for both controller were tuned so that the same cost function defined as
was minimized over the same set-point changes, where n T is the number of samples considered in the tuning data set. In this way any difference in the closed loop behavior is due to the structure of the controllers. The RMS error associated to the response of both controllers is summarized in Table 2 . These results were obtained with u min = 0.05.; i.e. without considering a limit in the underflow concentration. The RMS error is smaller for a Fuzzy PI controller, but the difference is not significative. 
CONCLUSIONS
In this work, we have illustrated the use of standard strategies to address the problem of controlling the interface level and the underflow concentration using a calibrated phenomenological model. This model was not only used to simulate the process but also to tune the controllers.
These results show that the control structures found in the literature, to deal with the control of these two variables, are difficult to tune but they provide an effective control. For instance, the use of a selector based strategy does require to tune two controllers. On the other hand, a Fuzzy strategy having 60 rules provides similar performance, but it require more work to tune the controller. The use of time variant limit provide a simple solution to simplify the tuning problems, but it requires two additional measurements; i.e. feed flow rate and concentration. Simulation results validate the main features of these structures, being the one based on PIs and selector the simplest one; both in terms of tuning and required measurements. Further work is under way to look the effect of the flocculant dosage, and the use of constrained model based control strategies.
Testing the controllers in a pilot plant and in industrial thickener will be carried out in the near future.
